Introduction
============

Obesity results from an excess of energy intake over energy expenditure. If the obese individual wants to lose weight, then the solution is extremely simple: energy expenditure must exceed energy intake for a suitable length of time. Obviously, this message is simple in principle, but very difficult to put into practice. Indeed, more than half of the adult population must now be classified as overweight or obese in the USA. It has been suggested that low-fat diets promote fat loss, but Willett and Leibel concluded that fat consumption within the range of 18 to 40 percent energy appears to have little if any effect on body fatness \[[@B1]\]. Thus, they felt that diets high in fat do not appear to be the primary cause of obesity, and reductions in fat will not be the solution. Similarly, the recent Cochrane review concluded that fat-restricted diets are no better than calorie restricted diets in achieving long-term weight loss in overweight or obese people \[[@B2]\]. In fact, participants lost slightly more weight on the control diets. Thus, in reality were low-fat weight loss diets to be marketed according to the laws governing the pharmaceutical industry, they would not pass scrutiny, as they have not been shown to be more effective than control diets. Consequently, progressive scientists and health care professionals are beginning to question the wisdom of recommending the low-fat diets for weight loss. For example, Weinberg suggested that low-fat/high-carbohydrate diets may well have played an unintended role in the current epidemics of obesity, lipid abnormalities, type II diabetes and metabolic syndromes \[[@B3]\]. The popularity of the low-carbohydrate weight loss diets is unquestionable. This review examines the science behind the \"metabolic advantage\" (i.e., a greater weight loss/fat loss compared to isocaloric high-carbohydrate diet) of low-carbohydrate diets.

Thermodynamics and Weight Loss Diets
====================================

According to Albert Einstein, \"*Classical thermodynamics\...is the only physical theory of universal content concerning which I am convinced that, within the framework of applicability of its basic concepts, will never be overthrown*\[[@B4]\].\" Indeed, the first law of thermodynamics describes one of the most important principles related to body weight. The basic tenet states that energy cannot be created or destroyed, but can be transformed from one form to another. The first law of thermodynamics can be written as follows:

where ΔE is the change in energy stores during any process, q is the heat produced during the process, and w is the work. The energy balance equation dictates that the energy potential of body mass remains constant when caloric intake equals caloric expenditure \[[@B5]\]. Simply stated,

As discussed by Feinman and co-workers \[[@B6]-[@B8]\], although this principle always applies, the application of this law within living organisms is not simple. Strictly speaking, as written, the above mentioned equation only applies to closed systems that are close to equilibrium and that do not carry out chemical reactions \[[@B5]\]. If matter can be exchanged between system and surroundings, then the system is an open one. In fact, all living organisms are open systems \[[@B4]\]. Life forms take in food from the environment and use it to maintain body temperature and to run the biochemical pathways of its body. Obviously, living organisms are also far from equilibrium. The second law of thermodynamics also must be considered. The second law tells us that processes always go in the direction of randomness, or disorder (entropy). Whenever energy is exchanged, the efficiency will be imperfect and some energy will escape -- usually in the form of heat -- thus increasing entropy in the universe \[[@B9]\]. Importantly, the metabolic pathways that macronutrients follow may be very different due to the differences in hormonal state and enzymatic activity \[[@B6],[@B7]\].

Why Low-Carbohydrate Diets Promote Weight Loss
==============================================

The hormonal changes associated with a low-carbohydrate diet include a reduction in the circulating levels of insulin along with increased levels of glucagons, leading to activation of phosphoenolpyruvate carboxykinase, fructose 1,6-biphosphatase, and glucose 6-phosphatase and inhibition of pyruvate kinase, 6-phosphofructo-1-kinase, and hexokinase, favoring gluconeogenesis over glycolysis. Gluconeogenesis is an energy-consuming process as 6 mol of ATP are consumed for the synthesis of 1 mol of glucose from pyruvate or lactate \[[@B10]\]. The transformation of gluconeogenic amino acids into glucose requires even more energy because ATP is needed to dispose of the nitrogen as urea \[[@B10]\]. Further, a low-carbohydrate diet increases turnover of body proteins; and the energy-dependent processes of maintaining the turnover of proteins (Table [1](#T1){ref-type="table"}), including synthesis, folding, targeting, regulatory processes, and protein breakdown have an overall cost to body energy homeostasis that is significantly higher than previously appreciated \[[@B11]\].

###### 

Some energy dependent processes associated with protein metabolism

  Processes              Description
  ---------------------- --------------------------------------------------------------------------------------------------
  Protein Turnover       Formation of initiation complexes\*; peptide bond synthesis
  RNA Turnover           Ribosomal RNA; transfer RNA; pre-messenger RNA splicing; and messenger RNA
  Regulatory Processes   Reversible phosphorylation, GTP-GDP exchange proteins, ion pumps and channels, second messengers
  Nitrogen Metabolism    Glutamine/glutamate cycle; glucose/alanine cycle; urea synthesis

\* Adapted from reference 1

Also, a low-carbohydrate diet is often high in protein. A recent study demonstrated that postprandial thermogenesis was increased 100% on a high-protein/low-fat diet *vs.*a high-carbohydrate/low-fat diet in healthy subjects \[[@B12]\]. Finally, ketogenic diets are characterized by elevations of free fatty acids, leading to the increased transcription of mitochondrial uncoupling proteins and of peroxisomal β-oxidation \[[@B13]\]. Uncoupling proteins allow the proton gradient generated by the respiratory chain to re-enter the mitochondria by pathways which bypass the F1 ATPase, resulting in the generation of heat rather than ATP. Also, fatty acids undergoing β-oxidation with peroxisomes have no mechanism for energy conservation and result solely in heat production \[[@B13]\]. The important bottom line is that this leads to metabolic inefficiency.

Critical Review of Major Low-Carbohydrate Papers
================================================

A recent paper intended as a systematic review concluded, \"weight loss while using low-carbohydrate diets was principally associated with decreased caloric intake and increased diet duration, not with reduced carbohydrate content \[[@B14]\].\" As pointed out by Kauffman \[[@B15]\] however, in the true low-carbohydrate group in the study, the mean weight loss in trials was 17 kg, while in the higher-carbohydrate group it was only 2 kg. Oddly enough, the authors did not consider this significant. As Kauffman pointed out, \"*the conclusions should have been that low-carbohydrate diets are both safe and effective*\[[@B15]\].\" Only by intermingling trials of low to medium and high-carbohydrate diets could the authors reach the misleading conclusion quoted above \[[@B15]\]. A recent report by Foster et al. concluded that a low-carbohydrate diet produced a greater weight loss than did the conventional diet for the first six months, although the differences were not significant at one year \[[@B16]\]. Samaha et al. randomly assigned 132 severely obese subjects to a low-carbohydrate or calorie and fat-restricted (low-fat) diet \[[@B17]\]. Seventy-nine subjects completed this six-month study. It should be noted that the difference in consumption of energy from carbohydrate was quite narrow: 51% in the low-fat group and 37% in the low-carbohydrate group. Total energy intake at the 6-month mark was 1567 kcal/day in the low-fat group and 1630 kcal/day in the low-carbohydrate group. Thus, the low-carbohydrate group consumed 54 extra kcal/day. Nevertheless, the low-carbohydrate group lost 5.8 kg (and was still losing weight at 6 months) vs. 1.9 kg (leveled off) in the low-fat group. Both groups were given an exceptional number of contacts with \"experts in nutritional consulting\", so the possible placebo and nocebo effects would be even more intense here \[[@B18]\]. Greene et al. found that people eating an extra 300 kcal a day on a very-low-carbohydrate diet lost a similar amount of weight during a 12-week study as those on a low-fat diet \[[@B19]\]. Over the course of the study, subjects consumed an extra 25,000 kcal that should have added up to about a 7 pounds weight gain; it did not. The study was unique because all the food was prepared at an upscale Italian restaurant, so the researchers knew exactly what they ate, and one could not argue that diets were not palatable. Finally, a recent randomised, balanced, two diet study compared effects of isocaloric, energy-restricted ketogenic and low-fat diets on weight loss and body composition in overweight/obese men (n = 15) and women (n = 13) \[[@B20]\]. Despite significantly greater calorie intake (1855 vs. 1562 kcal/day), both between and within group comparison revealed a distinct advantage of a ketogenic diet over a low-fat diet for weight loss/fat loss for men. In fact, 5 men showed more than 10 pounds difference in weight loss. Majority of women also responded more favourable to the ketogenic diet, especially in terms of trunk fat loss. Furthermore, the individual responses revealed that three men and four women who did the ketogenic diet first, regained body mass and fat mass after the switch to the low-fat, whereas no subjects regained weight or fat mass after switching to the ketogenic diet.

The Composition of Weight Loss
==============================

Although the greater weight loss has obvious significance, an equally important question is related to the composition of weight loss. In 1965, Benoit et al. published the first systematic study of the effect of a very-low-carbohydrate (ketogenic) diet on composition of weight loss \[[@B21]\]. They observed that when a 1,000-kcal ketogenic diet (10 g of carbohydrates/day) was fed for 10 days, their seven male subjects lost an average of 600 g/day, of which 97% was fat. Young et al. compared 3 isoenergetic (1,800 kcal/day) and isoprotein (115 g/day) diets differing in carbohydrate content (30, 60, and 104 g/day) \[[@B22]\]. After 9 weeks on the 30-g, 60-g, and 104-g carbohydrate diets, weight loss was 16.2, 12.8, and 11.9 kilograms and fat accounted for 95%, 84%, and 75% of the weight loss, respectively. More recently, Volek et al. examined the effects of 6-week very-low-carbohydrate diet on total and regional body composition \[[@B23]\]. Interestingly, their results indicated that fat mass was significantly decreased (-3.4 kg) and lean body mass significantly *increased*(+1.1 kg) at week 6. As expected, a very-low-carbohydrate diet led to significant decrease in serum insulin concentrations and there was a significant correlation between the decrease in insulin and the decrease in body fat, indicating that adipose tissue mobilization was up-regulated, which was also supported by the elevated beta-hydroxybutyrate concentrations. Finally, Willy et al. examined the efficacy and metabolic impact of a ketogenic diet in the treatment of morbidly obese adolescents \[[@B24]\]. The authors concluded that ketogenic diet is \"*a safe and effective weight loss regimen\... The weight loss with this approach is rapid, consistent, and almost exclusively from body fat stores*.\" It is frequently claimed that additional weight loss with low-carbohydrate diets is entirely explained by dehydration. However, the classic study by Rabast et al. demonstrated that alterations in the water and electrolyte balance observed during the low-carbohydrate diets are reversible phenomena and should thus not be regarded as causal agents of the different weight reduction \[[@B25]\]. Also, the modern studies that measured body composition by dual-energy X-ray absorptiometry did not find any indication of excessive reduction in lean body mass \[[@B26],[@B27]\]. Thus, the greater weight loss is attributable to fat loss.

Hyperinsulinemia and Body Weight
================================

There is evidence that hyperinsulinemia increases fat mass *without*a concomitant increase in energy intake. For example, six adult patients with diabetes were studied by Carlson and Cambell on conventional insulin therapy and after 2 months of intensive insulin therapy while maintaining constant caloric intake and were compared with a group of 6 matched non-diabetic volunteers \[[@B28]\]. Not surprisingly, the results indicated that two months of intensive insulin therapy improved glycemic control dramatically. However, this improvement was achieved at a cost of a weight gain of about 2.6 kilograms over the 2 months treatment as the result of an increase in fat mass and not lean body tissue. Of the weight gain, 70% could be accounted for by elimination of glycosuria and 30% by reduction in daily energy expenditure. Although elimination of glycosuria is not relevant to healthy non-diabetic individuals, daily energy expenditure decreased 5% (approximately 120 kcal/day). The authors concluded that the reduction in the energy expenditure was the result of the decrease in triglyceride/free fatty acid cycling and non-oxidative glucose and protein metabolism. The triglyceride/free fatty acid (TG/FFA) cycling represents those FFAs that are hydrolysed from TG stores and are subsequently re-esterified back to TG rather than being oxidized. Non-oxidative glucose metabolism refers to glycogen synthesis, Cori cycling, and urinary glucose loss. Non-oxidative protein metabolism represents protein synthesis and the amino acid contribution to gluconeogensis.

Furthermore, there is growing body of evidence indicating that low-glycemic diets also influence body weight and resting energy expenditure independently of caloric intake. For example, in a cross over study, Augus et al. compared high-glycemic energy-restricted diet with an isocaloric low-glycemic diet in moderately overweight young men and reported that resting energy expenditure declined by 10.5% on the high-glycemic diet compared with 4.6% on the low-glycemic diet \[[@B29]\]. It is of some interest that the alfa-glucosidase inhibitors, a class of oral hypoglycaemic agents that slow digestion of starch in the gastrointestinal tract, not only improve measures of glycemic control, but also produce modest weight loss \[[@B30]\].

Conclusion
==========

It is increasingly clear that the idea that \"a calorie is a calorie\" is misleading. The calorie content may not be as predictive of fat loss as is reduced carbohydrate consumption. Different diets (e.g., high-protein/low-carbohydrate *vs.*low-protein/high-carbohydrate) lead to different biochemical pathways (due to the hormonal and enzymatic changes) that are not equivalent when correctly compared through the laws of thermodynamics \[[@B6]\]. Unless one measures heat and the biomolecules synthesized using ATP, it is inappropriate to assume that the only thing that counts in terms of food consumption and energy balance is the intake of dietary calories and weight storage. Recently, Feinman and Fine concluded: \"*Metabolic advantage with low carbohydrate diets is well established in the literature\... Attacking the obesity epidemic will involve giving up many old ideas that have not been productive. \"A calorie is a calorie\" might be a good place to start*\[[@B31]\].\" However, there will be metabolic accommodations and one cannot assume that the metabolic advantage (i.e., greater weight loss compared to isocaloric high-carbohydrate diet) will stay the same over a long term. The ideal weight loss diet, if it even exists, remains to be determined, but a high-carbohydrate/low-protein diet may be unsatisfactory for many obese individuals.

Acknowledgements
================

I thank Prof. Richard Feinman (Department of Biochemistry, SUNY Downstate Medical Center, Brooklyn, NY) for helpful advice.
